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SUMMARY 
The oceans are facing increasing pressures from human activities. Growing 
industrialisation of the ocean space is giving room to both the expansion of 
existing and emergence of new ocean-based activities, with seabed mining one 
of the rapidly emerging sectors heralded as a solution to resource sufficiency. 
As ocean mining activities are still in exploratory stages, the development of 
seafloor mining is underpinned by high uncertainties on both the 
implementation of the activities and their consequences for the environment. 
Realising the full potential of the seas and oceans requires sustainable 
approaches to their economic development, mainly due to the issues related to 
the negative environmental effects, yet we lack tools and knowledge to 
comprehensively evaluate the impacts and further societal implications of 
emerging maritime sectors. To fill this gap, this thesis aims to provide a more 
detailed understanding of the environmental risks of seabed mining, factors 
affecting our understanding of those risks, and the knowledge requirements 
for evaluating emerging ocean industries.  
This thesis consists of four papers and draws on an interdisciplinary approach 
that includes quantitative and qualitative analyses, modelling, literature 
reviews and knowledge syntheses. Paper I synthesises how the environmental 
impacts of seabed mining have been studied in the past and draws on parallel 
industries, such as aggregate extraction, to increase the knowledge of the 
impacts on marine ecosystems. It underlines that most studies have assessed 
the impacts narrowly, with little appreciation of the uncertainties or 
cumulative effects. In this paper, I further reflect on areas that need 
development for comprehensive environmental risk assessments for seabed 
mining. Paper II contributes to the baseline information on marine mineral 
precipitates, estimating the distribution of ferromanganese (FeMn) 
concretions using spatial modelling techniques. In paper III, I develop a 
probabilistic modelling framework for assessing the risks of seabed mining. 
Drawing on information collected in paper I, this study outlines the cause-
effect pathways related to seabed mining activities through a series of 
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interviews with a multidisciplinary group of experts. The risk model is then 
used to illustrate the impacts of FeMn concretion extraction on benthic fauna 
in the Baltic Sea, offering a quantitative means to highlight the many 
uncertainties around the impacts of mining. Paper IV examines whether 
people care about the impacts of human activities in remote locations. In this 
paper, I evaluate the dimensions of environmental care for the deep sea and 
relate this to the perceived risks of seafloor mining by comparing the deep sea 
to three other remote environments: Antarctica, the Moon, and remote 
terrestrial environments. The results of this work show that despite people’s 
low knowledge of the deep sea, people do care about mining activities harming 
deep-sea ecosystems, and that a stronger emotional connection to remote 
environments is positively connected to environmental care and perception of 
the severity of the risks of mining.  
This thesis contributes to a more comprehensive understanding of the 
environmental risks of seabed mining and advocates a more transparent 
approach to emerging industries and their risks. The combined findings of this 
work suggest that it is fundamental to both increase knowledge of the 
environment that will be affected by the risks, and to account for the 
underlying values and emotions towards the marine environment to fathom 
how those risk will be perceived.  An improved appreciation of the risks of 
emerging maritime industries will be essential to avoid uncontrolled 
developments and to ensure good stewardship of the marine environment. 
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1 INTRODUCTION 
Economic development and human activities in the ocean are accelerating 
rapidly, introducing seas and oceans to a new phase of large-scale 
industrialisation (Barbesgaard 2018; Jouffray et al. 2020). Old and new 
maritime activities are the subject of many government, research, and industry 
initiatives to expand the Blue Economy, a term which has come to encompass 
a range of activities and policies which, if carefully managed and coordinated, 
could secure socio-economically and environmentally sustainable ocean 
resource use (Voyer et al. 2018; Lee et al. 2020).  
Uncertainty regarding the environmental impacts associated with the 
expansion of maritime activities is a key concern impeding the sustainable 
Blue Economy. Public perceptions of the combined environmental and 
societal risks from developing maritime industries can significantly influence 
the political and regulatory processes that underpin these activities (Gelcich et 
al. 2014; Lotze et al. 2018) and affect their future development (Voyer and van 
Leeuwen, 2019). Failing to broadly consider the environmental risks of 
maritime developments can thus lead to unbridled expansion of maritime 
sectors with negative consequences for both the marine environment and 
society (Bennett et al. 2019). As we lack the required tools and knowledge to 
comprehensively evaluate the impacts of activities that do not take place yet, 
it is essential to better understand the risks of emerging industries and how 
they are viewed to avoid uncontrolled developments and to ensure good 
stewardship of the marine environment. This thesis is a study of the 
environmental risks associated with emerging ocean industries through the 
lens of seabed mining, focused on the knowledge requirements for evaluating 
environmental risks and whether we as societies care about them.  
2 
1.1  BLUE GROWTH INITIATIVES INCREASE HUMAN 
IMPACT ON MARINE ECOSYSTEMS 
The human expansion into the ocean is embodied both through the expansion 
of existing activities (Halpern et al. 2015) and the emergence of completely 
new industries for marine resource use (Voyer et al. 2018, Winther et al. 
2020). With an already crowded coastal zone, an increasing number of 
maritime activities are moving offshore (Novaglio et al. 2021). Technological 
advances and lower extraction costs now enable exploitation of previously 
inaccessible marine resources, including those in the deep sea, which is 
promoted as a new frontier for resources and exploration (Ramirez-Llodra et 
al. 2011; Harden-Davies 2017). 
The industrialisation of the oceans introduces additional environmental 
impacts on an already overburdened marine environment (Nash et al. 2017). 
Despite efforts to balance use and conservation, the past decades have seen 
over-exploitation of ocean resources (Halpern et al. 2008; Duarte and Krause-
Jensen 2020), and the existing policies have not been successful in halting the 
biodiversity loss and environmental degradation in the world’s oceans (e.g. 
Boyes et al. 2016). Cumulative effects of multiple sectors together with climate 
change, over-exploitation of resources, and pollution further add to the 
pressures on marine environments with uncertain consequences (Halpern et 
al. 2019). At the same time, we increasingly recognise the multiple benefits to 
human wellbeing from the oceans (Halpern et al. 2012; Fleming et al. 2019). 
The Blue Economy thus finds itself at the intersection of high expectations of 
increasing economic benefits, and the marine environment in need of 
protection (Eikeset et al. 2018; Voyer et al. 2018). 
Against the backdrop of this recognition, sustainability has grown as a guiding 
principle to ensure socio-economic development that does not lead to 
significant degradation of the environment or to societal inequity (UNESCO 
2019). As a result, a number of approaches have emerged in recent decades to 
support sustainability in the marine realm (Stephenson et al. 2021). In 
particular, the concept of ecosystem approach or ecosystem-based 
management (EBM) is promoted as the overarching principle in 
3 
environmental management. A core tenet of EBM is that humans are seen as 
an integral part of a coupled social-ecological system (SES) which should be 
accounted for in environmental management (Levin et al. 2009; Long et al. 
2015).  
Despite the rise of sustainability and EBM as overarching concepts for natural 
resource governance, there is still a divide between the aims to protect the 
marine environment while at the same time facilitating its exploitation 
(Portman 2016). This discrepancy is particularly due to divergent views of the 
environmental impacts of human activities and their subsequent effects on 
societies (Voyer and van Leeuwen 2019). Realising the full potential of the seas 
and oceans thus requires to err on the side of caution and promotes the need 
to predict the environmental consequences of new industries on the marine 
ecosystem and human society (Wang 2011; Wright 2015). 
However, tools and processes to understand and manage the environmental 
risks of novel maritime activities are still largely underdeveloped or often do 
not exist (Bennett et al. 2019). The recognition of the complex interactions 
within societies and the marine environment to achieve sustainable Blue 
Economy calls for the application of more holistic approaches and systems-
level thinking to these challenges (Hodgson et al. 2019). The impacts of new 
activities should thus be carefully evaluated prior to permitting them to enable 
broader evaluation of their net benefits of to society.  
1.2  SEABED MINING 
Mining the ocean floor for mineral resources is one of the rapidly developing 
sectors embodying many of the expectations of the Blue Economy, particularly 
by releasing pressure from land-based ecosystems and the envisioned 
profitability of extraction (Hein et al. 2013; Batker and Schmidt 2015; Van 
Nijen et al. 2018). Coastal resources, such as sand and gravel, have been 
extracted from the shallow seabed for decades, fuelled by increasing global 
demand from the construction industry (Peduzzi 2014; Hannington et al. 
2017).   
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A similar development is driving the interest in metals from the seabed. Global 
infrastructure development and transition to low-carbon technologies are 
increasing the demand for transition metals and rare earth elements (REEs) 
(Nansai et al. 2014; Vidal et al. 2017).  Cobalt, lithium, and nickel are branded 
as the world’s primary technology metals to be used e.g. in ion batteries, and 
many REEs are seeing new applications in electronic components and 
industrial processes. The rising demands of these elements, whose 
consumption could exceed current production rates in the coming decades 
(Elshkaki et al. 2016), are driving the interest in extracting these minerals from 
the seafloor.   
Framed as a more sustainable alternative in light of the high environmental 
and societal impacts of terrestrial mining (Sonter et al. 2020), seabed mining 
(SBM) is heralded as an integral part of the Blue Economy1 and as a means to 
meet resource demand (Childs 2019). The higher concentration of transition 
metals and REEs in seabed deposits compared to land-based ores further 
contributes to their resource potential and appeal for mining operations 
(Petersen et al. 2016). Although the economic potential of seabed minerals has 
been recognised for decades (Mero 1965), the technological constraints and 
political uncertainty, particularly in international waters, have made 
industrial mining unfeasible (Zalik 2015). While most initiatives are still at an 
exploratory stage and extensive commercial mining projects have not been 
initiated, the increasing need for raw materials is pushing countries to 
consider where to get their mineral resources in the future (Vidal et al. 2017).  
Extraction of minerals from the seabed covers a range of mineral ore types 
found in both shallow water and the deep sea (below 200 m). Mining activities 
are targeted at different kinds of mineral ores and deposits but the term SBM 
primarily refers to polymetallic nodules, seafloor massive sulphides, and 
cobalt-rich crusts (Peukert et al. 2018), found both within and outside national 
1 Depending on the definition, SBM may or may not be included in the Blue Economy, as sustainability 
of non-renewable resources is inherently debated problematic (Kuhlman and Farrington 2010; Voyer et 
al. 2018). Despite this ongoing debate, in this thesis I consider SBM as one of the offshore sectors 
included in the developing Blue Economy, without entering into the definitions of sustainable extraction 
of minerals.   
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waters and exclusive economic zones (EEZ). It is thus important to note that 
SBM does not refer to a single phenomenon (Carver et al. 2020), but a range 
of activities under different environmental and regulatory contexts, spanning 
from the deep sea to shallow water environments, and from international 
waters to activities under the jurisdiction of sovereign states. 
In 2017, the Japan Oil, Gas, and Metals National Corporation completed the 
world’s first deep-sea mining trial in Japanese waters (JOGMEC 2018). In the 
deep sea beyond national jurisdiction, more than 1.3 million km2 of the seabed 
have been licensed for exploratory mining licenses, with exploitation 
regulations expected to be approved in the coming years (ISA 2018; Miller et 
al. 2018).  While much of the research pertaining to SBM concerns mining of 
the deep seabed, the high cost and technological challenges of operating in the 
deep sea are driving further interest in mineral extraction from shelf seas 
(Hannington et al. 2017). In 2006–2008, commercial extraction of 
ferromanganese deposits was briefly carried out in the Russian part of the Gulf 
of Finland using hydraulic dredging (Zhamoida et al. 2017).  With the rising 
resource demand and prices, further commercial mining in the Baltic Sea and 
other coastal areas may be considered in the near future. 
SEAFLOOR MINERAL DEPOSITS 
Mineral precipitates, including polymetallic nodules and other mineral 
concretions, are one of the most sought after seabed resources deemed to hold 
the greatest economic promise (Hein et al. 2013). Mineral concretions form at 
the interface of the sediment surface and water through a combination of 
biogeochemical processes and contain high concentrations of iron, 
manganese, phosphorus, copper, cobalt, and REEs (Baturin and Dubinchuk 
2009; Yli-Hemminki et al. 2014; Kuhn et al. 2017).  Concretions are 
widespread in the world’s oceans, occurring e.g. in the Black Sea (Baturin 
2010), north-east Atlantic Ocean (González et al. 2010), South China Sea 
(Zhong et al. 2017), and Kara Sea (Vereshchagin et al. 2019). Despite their 
widespread occurrence in shallow-water environments, considerably more 
research has been carried out on deep-sea nodules (Kuhn et al. 2017).  
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Of the shallow water environments where mineral concretions are observed, 
ferromanganese (FeMn) concretions (Fig. 1) in the northern Baltic Sea have 
been deemed particularly abundant (Winterhalter 1966; Boström et al. 1982). 
In high numbers, they form a distinct underwater habitat type (HELCOM 
2013). While the processes affecting concretion formation have been studied 
from a geological perspective for decades (Ingri 1985; Baturin 2010; González 
et al. 2010), FeMn concretion fields in the Baltic Sea are classified as a data 
deficient habitat type (Kotilainen et al. 2018), with no collated information on 
their abundance, spatial coverage, or other characteristics. As three 
dimensional structures on otherwise soft seafloors,  concretions potentially 
form an important habitat for marine organisms and contribute to other 
ecosystem functions, such as retention of nutrients and heavy metals (Veillette 
et al. 2007; Reunamo et al. 2017). It is therefore surprising how little attention 
these mineral deposits have gained thus far from a non-geological perspective. 
In anticipating future acquisition of new resources, it is necessary to know 
where (and when) that exploitation might occur.  
Figure 1. Discoidal ferromanganese (FeMn) concretions and a seafloor covered by 
FeMn concretions (Images: L. Kaikkonen; SYKE).  
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IMPACTS OF SEABED MINING ON THE MARINE ENVIRONMENT 
While improved geological methods have enabled high-resolution mapping of 
new seafloor mineral reserves and advanced technologies enable their 
exploitation, the environmental impacts of seabed mining are still poorly 
understood. In the deep sea, the environmental impacts of SBM have been 
addressed in a number of experimental studies, which have consisted of 
simulating the effects of polymetallic nodule extraction using a mechanical 
seabed plougher (e.g. Thiel et al. 2001; Jones et al. 2017; Orcutt et al. 2018). 
Coupled with modelling approaches, these studies have offered valuable 
insights into the potential impacts of mining, and indicate extremely slow 
recovery times of the seabed habitat both in terms of biological communities 
and sediment geochemistry (Khripounoff et al. 2006; Miljutin et al. 2011; 
Gollner et al. 2017; Simon-Lledó et al. 2019). Even with the valuable data from 
these experiments, it is uncertain to what extent the empirical disturbance 
studies succeed in scaling up to industrial mining operations both in space and 
in time (Jones et al., 2017).  
In coastal sea areas, several studies have been conducted as a result of decades 
of extensive aggregate extraction (e.g. Newell et al. 1998; Newell et al. 2004). 
While exploratory extraction of FeMn concretions was carried out in the Baltic 
Sea in 2006–2008 (Zhamoida et al. 2017), no biological monitoring data of 
this trial have been made available. The impact studies conducted to date thus 
offer only a scattered view of the environmental impacts of SBM, with no 
attempts to synthesise impacts that would support an operational assessment. 
This lack of previous evidence to draw on requires a different view on how we 
assess impacts of human activities.   
1.3  ENVIRONMENTAL RISKS 
Environmental impact assessment (EIA, (Munn 1979; Glasson et al. 2013) is a 
key tool in planning and evaluating the effects of human activities on the 
environment, and as such serves as an integral component of licensing 
operations. Direct obligations under both international law and national 
jurisdictions require conducting prior EIA for projects that are likely to have 
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significant adverse effects on the environment (Pérez 2017). However, in their 
current use, EIAs are criticised for not providing an adequate overview of the 
different outcomes of an activity, with often insufficient justification on 
statements on the severity of the impacts (Drayson et al. 2015; Guerra et al. 
2015).  
Environmental risk assessment (ERA) is a process of estimating the 
probability and magnitude of the effects of human activities on the 
environment (Jardine et al. 2003; Burgman 2005). While not a statutory 
requirement, ERA are increasingly included in EIA to account for the 
uncertainties related to environmental impacts (Suter II 2016) and to guide 
management actions (Ascough Ii et al. 2008). A comprehensive ERA, 
therefore, fills in some of the gaps in traditional EIA processes by accounting 
for the unlikely scenarios and highlighting where information is needed. As 
the paucity of previous evidence from marine mineral extraction limits the 
implementation of traditional EIA (Clark et al. 2019), ERAs can play a 
significant role in dealing with uncertainty as a part of the impact assessment. 
Moving from an impact assessment to a risk assessment involves adding a 
probabilistic element, with a risk in this context defined as the likelihood of an 
event in addition to its severity (Burgman 2005). Following this probabilistic 
view of risk, a risk is characterised not by a single event but by a set of possible 
events or outcomes and their respective probabilities (Fenton and Neil 2012).  
The uncertainties underpinning SBM, both in terms of baseline data and 
knowledge of its impacts, pose a challenge of how to estimate the risks in a way 
that is both ecologically solid, and robust in a decision-making and policy 
context (Folkersen et al. 2019; Ginzky et al. 2020; Kung et al. 2020). Even with 
ample empirical data, it is impossible to estimate the probability and 
magnitude of an event with absolute certainty (Hansson 2009). In addition, 
most ERAs build on estimating ecosystem responses to pressures based on 
vulnerability of the environment through semi-quantitative scoring instead of 
focusing of the activity itself (Stelzenmueller et al. 2015; Washburn et al. 2019; 
Quemmerais-Amice et al. 2020), and as such are not well suited for describing 
different possible combinations of outcomes from new untested activities. 
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While ecological unknowns are deemed to impede the application of 
quantitative ERAs especially within the deep-sea mining context (Washburn 
et al. 2019), quantitative risk assessments can highlight the uncertainties 
around the key sources of risk (Hart and Pollino 2008). To adequately 
estimate the impacts of SBM, it is essential to develop methods to 
comprehensively predict the associated ecosystem responses and to account 
for the uncertainties embedded in these estimates.  
An improved appreciation of risks to both the ecosystem and societies forms a 
key step toward operationalising EBM to assess if activities are likely to cause 
unacceptable effects on the marine environment. This further supports a 
precautionary approach as part of EBM, as outlining the level of “serious 
harm” is used as the key trigger for preventive and precautionary measures 
(deFur and Kaszuba 2002; Peel 2005; Long et al. 2015). As commercial mining 
activities have not started yet, this provides a unique opportunity to assess 
what the impacts to marine ecosystems will be, and to consider whether it is 
economically profitable to exploit seabed mineral resources with respect to the 
environmental impacts and the subsequent societal and economic costs (Levin 
et al. 2020; Haugan et al. 2020). The question thus becomes whether–and to 
what extent–predictive risk assessments can support decision making for 
sustainable resource governance?  
1.4  ROLE OF ENVIRONMENTAL VALUES IN MARINE 
RESOURCE GOVERNANCE 
Governing the risks of human activities extends beyond the simple evaluation 
of the risk of an event (Aven and Renn 2010; Wachinger et al. 2013). While 
technical risk assessments are elemental in evaluating impacts of novel 
activities, making decisions on the outcomes of those assessment relies on how 
the impacts are perceived (Gregory et al. 2006; Parviainen et al. 2019). In 
order to care about adverse impacts to an environment, we must both think 
there is a risk to be concerned about, and care about what is at risk.  
A longstanding scholarship on risk perceptions evaluates people’s judgements 
regarding the nature of hazardous events, including their probability and 
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severity of consequences (e.g. Starr 1969; Kasperson et al. 1988; Gustafsod 
1998; Sjöberg 2000; Bickerstaff 2004). Knowledge of the sources of risks and 
what is at risk has been shown to impact both the emotional and cognitive 
dimensions of risk perceptions (Tversky and Kahneman 1979; Slovic et al. 
2004; Slovic and Slovic 2013; Sobkow et al. 2016). These differing individual 
and social perceptions of risk have long been recognised as an essential 
component of decision making (Tversky and Kahneman 1979; Renn 1998). 
After decades of focus on the cognitive aspects of risk, the way people feel 
about a particular risk is now deemed to have a more significant impact on 
their perception of it than how well they are informed about it (Loewenstein et 
al. 2001; Slovic et al. 2004).  Similarly, while it is unlikely for people to care 
about an environment they know nothing about (Clayton and Myers 2015), 
people’s emotional connection to nature is suggested to be more important in 
contributing to environmental care than literacy (Stern and Dietz 1994; 
Leiserowitz 2006; Sobkow et al. 2016; Lumber et al. 2017).  
Values are one way to measure people’s emotional connection to nature and to 
examine how much people care about a certain environment (Perkins 2010; 
Klain et al. 2017). The current discourse recognises a variety of values that may 
be attributed to an environment, ranging from intrinsic and instrumental 
values to relational values (Chan et al. 2016; Pascual et al. 2017; Tadaki et al. 
2017), unravelling what different environments mean to people (O’Neill et al. 
2008). Most studies on how we value seas and oceans have focused on the 
valuation of goods and other instrumental values from the marine 
environment (Armstrong et al. 2012; Aanesen et al. 2015; Sagebiel et al. 2016). 
In turn, the non-use values, symbolic meanings, and emotions associated with 
the oceans have been little explored (Šunde 2008; Kearns and Collins 2012; 
Gee 2019). 
One aspect impeding broader ocean valuation studies is that most current 
approaches examining people’s values for the environment posit that values 
are informed by experiential and rational ways of relating to environments 
(e.g. “I value this environment because I enjoy the things it provides”) (Brown 
and Reed 2000; Tadaki et al. 2017). As such, these approaches are not well 
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suited for studying values and perceptions of remote and unfamiliar 
environments, such as the deep seafloor and other offshore environments. In 
this thesis, I conceptualise the underlying values attributed to an environment 
through the notion of symbolic values, that is, the emotions and meanings the 
environment represents, relevant not primarily to itself, but how we view and 
value it (Bruner and Postman 1948). In the context of SBM, I hypothesise that 
these values can shed light on whether people care about marine environments 
that will be affected by mining activities.  
The reason we should care about care is that the way we perceive and value the 
environment affects how we treat it. Caring about nature constitutes a key 
dimension of environmental stewardship, contributing to responsible 
management of the environment (Bennett et al. 2018; Mathevet et al. 2018). 
Caring or not caring about the marine environment and its state thus links to 
whether we will take action to protect it or not and may act as a filter to how 
environmental risks are perceived (Clayton 2003; Jones et al. 2016; Enqvist et 
al. 2018; Jax et al. 2018; West et al. 2018).  
Perceptions of emerging maritime activities and the risks they pose to the 
environment (Gelcich et al. 2014; Lotze et al. 2018) can further influence the 
political and regulatory processes that underpin the development of these 
activities (Wachinger et al. 2013). Although the risks of offshore activities have 
most often been approached through environmental impacts, there are many 
economic and societal considerations to be accounted for (Hansen et al. 2016; 
Wilson and Stammler 2016; Bennett et al. 2021). The combined appreciation 
of the environmental and societal risks affects public perceptions of them and 
further contributes to the societal acceptance of maritime developments which 
is likely to guide their future development (Mason et al. 2010; Voyer and van 
Leeuwen 2019). In turn, negligence about the risks can lead to unbridled ocean 
development with considerable negative consequences for both the marine 
environment and society (Bennett et al. 2019).   
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1.5  AIMS AND SCOPE OF THE THESIS 
The overarching aim of this thesis is to study the environmental risks of 
emerging maritime industries, using seabed mining as a case study (Fig. 2). I 
particularly focus on the knowledge prerequisites for assessing these risks and 
how to synthesise this information. I am also interested in what role 
underlying values and emotions play in risk perceptions and care towards 
human activities in unfamiliar environments, such as the deep seafloor. The 
thesis includes four papers, spanning from a regional focus on the Baltic Sea 
(papers II&III) to a more global view (papers I&IV) and from shallow water 
(paper II) to deep sea (paper IV). 
Paper I synthesises the available information on the impacts of seabed mineral 
extraction and examines how the risks have been studied. Paper II provides 
information on the distribution of the seabed mineral concretions in the Baltic 
Sea using spatial modelling techniques. Paper III draws on expert interviews 
and the findings of paper I to provide a causal approach to the ecological 
impacts of extracting FeMn concretions in the Baltic Sea using probabilistic 
modelling. Finally, paper IV examines the risks of seabed mining through 
people’s care for mining in the deep sea and relates this to the symbolic value 
people place on remote environments. 
The work addresses the following questions: 
1) What are the knowledge gaps in understanding the impacts of seabed
mining? (papers I&II)
2) How can predictive risk assessments for novel offshore activities be
developed? (paper III)
3) What role do underlying values and emotions play in risk perceptions
and care towards human activities in remote environments? (paper IV)
13 
Figure 2. Factors contributing to improving views of environmental risks of emerging 
maritime activities considered in this thesis.  
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2 MATERIALS AND METHODS 
This thesis uses both qualitative and quantitative approaches to answer the 
research questions outlined above. Working with impacts of activities that do 
not occur yet calls for an integration of information from multiple sources, and 
as a result, the papers differ in their scales of analysis and array of methods 
used. Importantly, I recognise the importance of accounting for multiple 
sources of knowledge and using available information in addition to scoping 
new knowledge and data (Table 1).   
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2.1  SOURCES OF INFORMATION AND 
METHODOLOGICAL APPROACHES 
2.1.1 EXISTING KNOWLEDGE AND DATA 
Paper I serves as a foundation for evaluating the impacts of extracting 
minerals from the seabed. The work presents a synthesis of empirical evidence 
from experimental SBM and aggregate extraction studies and parallel 
industries to infer the effects of seabed mineral extraction on marine 
ecosystems. I conducted a literature review with studies on the impacts of 
deep-sea mining and aggregate extraction as a starting point, and then 
expanded the search to the specific pressures mentioned in those studies. To 
gain a systematic understanding of the linkages between the activity and the 
affected ecosystem components, paper I uses a problem-structuring 
framework to evaluate causal relationships between the physicochemical 
pressures from mineral extraction and the potential changes in marine 
ecosystems. 
In paper II, we used an extensive dataset of nearly 140,000 observations from 
underwater inventories by the Finnish Marine Underwater Inventory 
Programme VELMU. These data cover the whole coast of Finland, where each 
location has been surveyed either through scuba-diving or a drop-camera. The 
data include information on both biological and geological seabed features, 
including FeMn concretions, where concretions have been recorded either as 
being present (with certain percentage coverage) or absent. Each site has been 
visually analysed by a trained technician or by a scientific diver. 
Based on these data, a number of predictor variables were developed for 
predictive modelling (II, Virtanen et al. 2019). We used these predictors and 
the VELMU data to develop predictive models for FeMn concretion 
distribution and abundance. Additional data on the environmental predictors 
used in this study were derived from the Finnish national environmental 
monitoring database Hertta and the public bathymetry databases of the 
Finnish Transport Infrastructure Agency (Väylä).  
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2.1.2 EXPERT KNOWLEDGE 
Drawing on the outcomes of the literature review in paper I, paper III relied 
on expert knowledge to further detail the factors involved in the ecological 
risks of FeMn concretion extraction. Expert knowledge was first collected in 
semi-structured interviews to map the cause-effect pathways between 
pressures from mining and the affected ecosystem components, and at a later 
stage through probability elicitation to quantify the magnitude of the 
ecosystem responses. 
I contacted experts via snowball sampling by consulting researchers in 
different fields of marine sciences. In addition to selecting experts based on 
their substance expertise and recognised merits, I was interested in 
interviewing people with varying backgrounds from different institutes who 
would support obtaining a comprehensive view of the ecosystem. Interviews 
were carried out gradually to evaluate when a sufficient number of experts had 
been interviewed by monitoring when the addition of new experts no longer 
introduced new information. For this study, I interviewed 11 experts from 
universities in Finland and Sweden, governmental research institutes, as well 
as intergovernmental organizations working on the Baltic Sea. 
Framing the system and the connections between variables during the 
interviews was performed as a causal mapping exercise. The aim of causal 
mapping is to explore an individual’s view on a system or a presented scenario 
by detailing the causes and effects within the studied system. At the beginning 
of each interview, experts were presented with the same scenario of how and 
where mining would take place. The case study in this paper deals with FeMn 
concretions extraction in the northern Baltic Sea (Gulf of Finland – 
Archipelago Sea region) in depths below 40 meters. Details on how the mining 
would likely happen were drawn from both literature and consultation with 
experts in mining technology. 
The physicochemical pressures identified in paper I served as a starting point 
for the mapping exercise and interviews. Experts were then asked which 
ecosystem components they thought would be affected by these pressures. 
When possible, I requested experts to rank the strength of the connection on 
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a scale from one to three. For the biological variables, evaluation was based on 
functional groups of organisms instead of species. After interviews, causal 
maps were digitised and sent to the experts for verification and any further 
comments and additions. 
I combined the results from the individual causal maps into one network to 
obtain a comprehensive view of the environmental impacts of mining and 
factors related to them. To do this, I coded the connections between variables 
in the individual causal maps to adjacency matrices using the assigned link 
strengths whenever available. Prior to combining the maps, variables were 
harmonised and combined so that similar concepts were grouped under one 
variable. To ensure that the combined map and the harmonised variables still 
represented the views of the individual experts, details on the model structure 
were made available in an open online document that presented the model 
both in the form of a graph and a table detailing the rationale for the causal 
connections. At a later stage, expert knowledge was used to formalise the 
quantitative probability estimates used in the probabilistic risk model (see 
section 2.2. below). 
2.1.3 SURVEY DATA 
In paper IV, we developed an online survey to collect information on how 
people value different remote environments and how that affects their care 
about mining activities in those environments.  We particularly explore the 
role of symbolic values, which we define as the emotions, moods, and 
meanings an environment evokes, as an element affecting people’s care for the 
environment (Bruner and Postman 1948). To gain a broader view on the role 
of remoteness on whether people care about an environment, we compare the 
deep sea to three other environments: Antarctica, remote terrestrial 
environments, and the Moon.  
To examine the underlying values and emotions people hold for remote 
environments, we constructed a symbolic value typology based on previously 
established typologies for environmental values (Brown and Reed 2000; 
Kellert 1993; Brown and Raymond 2007; Kellert 1997) and previous studies 
on ocean perceptions (e.g. Jefferson et al. 2015) and named antonyms for these 
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words. This resulted in eight positive and negative symbolic values to measure 
affective response for the deep sea and the three other environments. 
To measure environmental care, we asked survey respondents how much they 
would care about something bad happening to the environment in question.  
In addition to environmental care, we investigated the respondent’s 
knowledge, worldviews, and the perceived environmental and societal risk of 
mining. The reason for differentiating between environmental and societal 
risk was that we did not want to assume that perception of the overall risk of 
an activity would be only dictated by the expected environmental damage, and 
that societal riskiness of an activity may stem from economic risks, risk to 
human safety, environmental degradation, or other reasons. We further asked 
whether people believed it likely that mining would occur in these 
environments in the near future. Broad values were evaluated through an 
environmental portrait-value-questionnaire (Bouman et al. 2018) based on 
Schwartz’s value typology (Schwartz 1992; Schwartz 1994) and New Ecological 
Paradigm (NEP) as a measure of general pro-environmental beliefs (Dunlap 
and Van Liere 1978; Dunlap et al. 2000). 
The final survey contained 27 questions on the aspects that to our mind 
contribute to environmental care: symbolic values, environmental and societal 
perceptions of risk of mining, knowledge of the environment and human 
activities, the perceived likelihood of mining in the future, broad values and 
worldviews, and demographics. The survey was distributed online to a 
volunteered public through social media and email lists and was administered 
using the open-source platform Limesurvey.   
2.2 BOOSTED REGRESSION TREES 
In paper II, we used Boosted Regression Trees (BRT) to generalise the 
relationship between FeMn concretion occurrence and abundance to the 
environmental conditions in which they are found (Friedman et al. 2000; 
Breiman 2017). BRTs are an ensemble modelling method for fitting statistical 
models that combine regression trees and boosting.  As an addition to regular 
regression trees, the use of boosting, an adaptive method for sequential 
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combination of multiple simple models, increases the predictive performance 
of the models (De’Ath 2007). 
Environmental parameters were chosen based on previous studies on 
concretion occurrence, formation, and biogeochemistry. For modelling the 
distribution and abundance of concretions, we utilised existing environmental 
predictors characterising seascape topography and other qualities (Virtanen et 
al. 2018; Virtanen et al. 2019) and further developed spatial predictor 
variables thought to be relevant for FeMn concretions (e.g. bottom water 
phosphorus concentration).  
Concretion occurrences were modelled with thresholds based on four different 
coverages on the seafloor: >0.1 % (presence/absence information only), >10 % 
(abundant concretions), >50 % (substantial cover) and >70 % (concretion 
fields). Concretion abundance was modelled as a continuous response variable 
(0–100 %), utilising all available data on the reported coverages. The reason 
for these different variables is that we assumed the percentage coverages, 
especially at low coverages not to be equally reliable, as detection of 
concretions on the seafloor may be impeded by water turbidity or 
sedimentation. Detection accuracy further depends on the observation 
method, SCUBA diving being a more reliable method than the video, which is 
skewed towards higher coverages.  
To keep modelling times reasonable, only a fraction of the available ~140,000 
visited locations were used to produce the models. We used 20,000 of the field 
samples and split the dataset with a ratio of 40:60 for model training and 
testing the model performance. The best models from the cross-validation 
were extrapolated to the full seascape at a 20 m resolution to produce maps 
predicting the concretion distribution and abundances using the testing data 
withheld from model building. 
2.3  BAYESIAN NETWORKS 
Bayesian networks (BN) are probabilistic models that represent a joint 
probability distribution over a set of variables (Pearl 1988).  A BN is comprised 
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of 1) a directed acyclic graph (DAG) describing the conditional dependencies 
between variables and 2) the strength of these dependencies quantified by 
conditional probabilities (Pearl 1986; Lauritzen and Spiegelhalter 1988).  
As BNs handle the connections between variables (or nodes) based on 
probabilities instead of simple scores, uncertainty is explicitly accounted for. 
The result of a BN is therefore not a single outcome, but a distribution over the 
possible values of each variable, which allows estimating not only the most 
likely outcome, but also the uncertainty associated with the estimates (Nielsen 
and Jensen 2009; Fenton and Neil 2012). Using the Bayes rule, BNs allow 
computing posterior probabilities of an event given new evidence, enabling to 
evaluate alternative scenarios and their probabilities. They also allow for 
backward calculus from effects to causes, which may be used in diagnostic 
analysis.  
Both the structure and the parameters (conditional probabilities) of a BN can 
be defined either by using algorithms to infer them from data or through 
expert judgment drawing on previous studies, data, and literature. When 
defined manually, the structure of a BN usually depicts the known or perceived 
causal relationships in the modelled system. This qualitative causal 
representation alone can help understand the sources of risks and inform 
potential management actions to control those risks (Chen and Pollino 2012; 
Carriger et al. 2018). Structural learning refers to learning the DAG from data, 
using a number of different possible algorithms (Barber 2012). For evaluating 
the conditional probabilities, BNs may be used to integrate different kinds of 
knowledge, from expert opinion to data, making them well-suited for cases 
where little or scattered information is available. Estimating parameters of a 
BN from data is a very data-heavy exercise, ideally requiring data on all the 
different combinations of the variable states. 
In an environmental risk assessment context, BNs can be used as a scenario 
synthesis tool, in which all possible combinations of events are taken into 
account by considering the probability of their occurrence (Varis et al. 1990; 
Fenton and Neil 2012; Carriger et al. 2016). Due to their modular structure, 
individual BNs may be interlinked to form a more holistic system and to 
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integrate outcomes from separate studies and sub-models to support iterative 
updating of the model as new information becomes available.  
In this thesis, BNs are used for two purposes: for synthesising knowledge on 
the structure of the marine ecosystem under the pressures from mining 
through an expert-defined network and the conditional probabilities 
describing the connection between variables (paper III), and for evaluating 
the dependencies between variables in the survey data to find the most 
significant connections in the dataset (paper IV). All BN analyses are done 
using the bnlearn (Scutari 2009) package for R.  
2.3.1 EXPERT-DEFINED MODEL STRUCTURE 
In paper III, the causal models developed with experts were used to build a 
risk model to estimate the effects of seabed mining on the Baltic Sea 
ecosystem. The BN serves as a modelling framework to synthesise knowledge 
of the studied system and to accommodate information from different sources. 
We quantified a sub-model of the complete causal network developed in the 
first part of the study (see 2.1.2 fordetails) focusing on three groups of benthic 
fauna. The BN model (Fig. 3) was developed from a subset of the larger causal 
network and included variables describing these benthic faunal groups, the 
main pressures affecting them, and any intermediate variables. We restricted 
the model to account only for the acute impacts within a spatially discrete 
mining block (area) to reduce model complexity. Variable states were drawn 
from literature and expert opinion. 
Direct and indirect mortality were modelled separately, so that the total 
mortality of benthic fauna comprises both the direct mortality from the 
extraction of sediment and mineral concretions and the indirect mortality 
stemming from the other pressures from the extraction activity. This allows 
for estimating the effects of the pressures for both the direct mining area (total 
mortality) and in neighbouring areas (indirect mortality). The conditionally 
independent variables in the network may be used to evaluate alternative 
mining scenarios.  
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Figure 3. Bayesian network for impacts of seabed mining on benthic fauna developed 
in paper III. Mining scenario may be controlled by depth of extraction, mining intensity 
and processing return technique.  
2.3.2 DEFINING THE CONDITIONAL PROBABILITIES 
Within a BN, the magnitude of impacts is illustrated through conditional 
dependencies which describe the strength of relationships between variables 
in the model (Pearl 1986). In the case of discrete variables, conditional 
probabilities are summarised in a conditional probability table (CPT) which 
describes the distribution of the values of the child node for every combination 
of states of the parent nodes, in this case, the probability of biological 
responses under the different magnitude of pressures (Fig. 4).  
With an increasing number of parent variables, the number of conditional 
probabilities grows exponentially, making the estimation of probabilities both 
time-intensive and cognitively challenging (Morales et al. 2008; Werner et al. 
2017). In paper III, I used the ACE application by Hassall et al. (2019) to 
initialise the conditional probability tables (CPTs). The graphical interface of 
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the application, run via R software, provides a starting point for defining the 
shape of a conditional probability distribution by allowing ranking the 
direction and magnitude of connections between network nodes and 
populating the table through a scoring algorithm. The application further 
allows documenting the level of expertise of the person making the assessment 
for an additional metric of certainty.  
After initialisations, the prefilled CPTs were evaluated and adjusted in two 
sessions with the experts. CPTs were incorporated in the DAG coded in R for 
a full BN. 
Figure 4. Schematic description of the conditional probabilities within two nodes in a 
BN. In this example, the change in biomass of filter feeding organisms is conditionally 
dependent on the levels of sediment deposition. The conditional probability table 
(CPT) describes the values of both the parent and the child node, summarising the 
probability distribution of mortality of benthic fauna under different levels of 
sedimentation. 
After parametrisation of the network, the BN may be queried by setting certain 
variables into a specific state and inferring the probability distribution of other 
variables of interest given that evidence. 
Following the Bayes rule, BN models enable computing the posterior 
probability of events given new evidence. Enabling a two-way flow of 
information, the network may also be queried to evaluate which evidence 
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would be the most likely to explain a given outcome (cause-effect relationship), 
for instance, the posterior probability of changes in classes of benthic fauna 
given a certain set of operational parameters. In this manner, the model may 
be developed into a decision model to evaluate which measures, 
environmental conditions, and technologies should be in place in order to e.g. 
minimise the loss of benthic fauna to below a certain threshold. The BN 
developed in paper III was used to evaluate two scenarios with a different 
combination of variable states describing the mining operation in terms of the 
depth of extracted sediment, mining intensity, and release of harmful 
substances to evaluate the mortality of benthic fauna under the pressures 
stemming from them. 
2.3.3 STRUCTURAL LEARNING 
In paper IV, survey data collected through an online questionnaire was 
analysed with BNs to learn the structural connections in the data to find 
dependencies between the studied variables (general worldviews and values, 
symbolic values, care for environments, and risk perceptions). Application of 
structural learning algorithms allows exploring the structure of the data by 
reducing its dimensions and retaining only the strongest connections, giving 
insight into the most relevant connections between variables (Barber 2012).  
In this study, we were interested in the conditional dependencies between 
general worldviews and values, symbolic value scores, care for environments, 
and risk perceptions to evaluate how these concepts related to each other. The 
data were divided into four classes based on the questions targeting each of 
the four studied environments (the deep sea, Moon, Antarctica, and terrestrial 
environments) to study whether similar patterns between survey items 
appeared in all of the environments.  
Although BNs are most often defined through directed acyclic graphs with an 
interest in the direction of the connection between variables, BNs may also be 
applied simply to illustrate the connections (or lack of them) between 
variables. An algorithm-learnt BN can be seen as a lower-dimensional 
representation of the data, which retains the strongest dependencies in the 
data, accounting also for associations between multiple variables, while 
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abstracting out weak correlations (Barber 2012). BNs can thus be used to 
understand complex multivariate relationships, offering a more robust 
method to evaluate dependencies between multiple variables than simple 
linear correlations by accounting for non-linear connections. In paper IV, BNs 
are applied without interpretation that the arcs represent causal relationships 
between variables and use network structure to indicate conditional 
independence relationships and probabilistic properties (Pearl 2009; Scutari 
and Denis 2014). 
To learn the conditional dependence structure from the data, we applied the 
hill-climbing algorithm using the package bnlearn (Scutari 2009) in R (R, 
2019). Bayesian Dirilecht Equivalent (BDe) was used as optimization score by 
the algorithm to learn the most optimal network structure, as it deals better 
with small sample sizes without penalizing network complexity (Nielsen and 
Jensen 2009). Structural uncertainty was evaluated with non-parametric 
bootstrapping with 2500 samples (Broom et al. 2012).  We set a default 
threshold of 0.7 for arc significance, meaning that only arcs that appeared in 
70 % of the networks were retained in the final averaged network. All analyses 
were performed in R 3.6.1 (R, 2019). 
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3 RESULTS 
3.1  NARROW FOCUS OF SEABED DISTURBANCE 
STUDIES 
Paper I presents a synthesis on the impacts of seabed mineral extraction on 
marine ecosystems and evaluates the scope and methods that have been used 
to assess the impacts. We identify impacts that have been thus far examined 
in in situ experiments or through modelling, and outline effects that have been 
left unaddressed but are crucial to gaining a comprehensive view of the 
environmental risks of seabed mining.   
The results of the literature review show that impacts of SBM have been 
addressed mainly through changes in benthic fauna, with little consideration 
to the water column and other ecosystem components. We also find that the 
scarcity of information on the ecological and geochemical role of seafloor 
mineral deposits (Vanreusel et al. 2016; Zhamoida et al. 2017; Kotilainen et al. 
2018) impedes detailed estimates of the consequences of their removal to 
ecosystem functioning via e.g. habitat loss and biogeochemical processes. 
Without this information, the recovery of or impacts on associated organisms 
cannot be sufficiently estimated. 
The results of the review outline a causal framework for linking the pressures 
from mining to changes in the affected ecosystem components, and further to 
the ecosystem functions and services.  Describing the impacts through specific 
pressure-state change pathways widened the amount of available information 
for studying the effects of mining on different components of the marine 
ecosystem. We further recognise the need to account for the cascading effects 
in ecosystem state to changes in ecosystem services and their subsequent 
impacts on welfare in comprehensive risk assessments. With the causes and 
effects illustrated throughout the impact statement process, further analyses 
of the risks may be carried out. 
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3.2  DISTRIBUTION OF MINERAL CONCRETIONS MORE 
EXTENSIVE THAN EXPECTED 
In study II, we estimate the spatial variability and abundance of FeMn 
concretions in Finnish marine areas in the northern Baltic Sea. Concretions 
were observed in all sub-basins of the study area and are predicted to form 
distinct belts extending from the Bothnian Bay to the Gulf of Finland. The 
most abundant deposits are reported from the Gulf of Finland and the Kvarken 
area in the Gulf of Bothnia, forming at the fringes of deeper basins in oxic areas 
prone to occasional hypoxia. Concretions were present in depths of 0–75 m in 
a variety of seafloor types, from muddy bottoms to rocky seafloors. 
The developed models were successful in predicting both concretion 
occurrence and abundance with excellent model performance compared to the 
validation data. When extrapolated to the full seascape in the Finnish marine 
areas, the modelling exercise produced prediction maps for concretions 
occurrence and abundance. Based on the modelling results, we estimate that 
at least 11 % of the Finnish seafloors host suitable environments for FeMn 
concretion formation. 
3.3  MULTIPLE PRESSURES AND HIGH UNCERTAINTY 
ON ECOSYSTEM RESPONSES MARK SBM 
In study III, we outline the cause-effect pathways related to SBM activities 
through a series of interviews with a multidisciplinary group of experts. The 
interviews resulted in 11 individual causal maps. After harmonising variables 
and expert comments on the causal network structure, the combined 
conceptual model has 53 variables and 96 connections between them. The 
results outline that SBM activities affect all levels of the marine ecosystem, 
spanning from acute, local effects to more long-term impacts that extend 
beyond the mining site. In general, there was strong consensus between 
experts on the most important impact pathways and causal connections, and 
the differences between experts were attributed to the number of variables and 
level of detail in different processes regarding the impacts of mining. 
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The BN model developed based on the combined causal network was used to 
provide quantitative estimates of mortality of benthic fauna. We used the 
model to evaluate various mining scenarios in order to identify key factors 
related to the impacts as well as the uncertainty associated with them.  
The results from model queries show that the direct extraction of seabed 
substrate and concretions had the largest impact on the direct mortality of the 
benthic fauna. In terms of indirect effects, the release of ecologically 
significant levels of toxic substances from the sediment had the highest impact 
on the mortality of benthic fauna. Overall, the experts assessed the relative 
mortality of benthic fauna to be highly variable, showing low levels of certainty 
on the cumulative effects of multiple pressures. 
3.4  SYMBOLIC VALUES SHAPE CARE ABOUT MINING 
IN REMOTE ENVIRONMENTS 
Paper IV presents a novel theoretical framework to study factors contributing 
to people’s care for remote environments and links this to the perceived risks 
of anthropogenic activities. Our results show that people’s underlying values 
and emotions, more so than knowledge or worldviews, shape people’s 
environmental care. These values further mediate perceptions of societal and 
environmental risks of mining. 
Despite its remoteness, we found that the deep sea does matter to people. 
Although people knew even less of the deep sea than the Moon, they perceive 
it likely that mining will take place there in the future. Interestingly, people’s 
self-assessed knowledge about an environment had little to do with how much 
they care about it. In turn, we find that the emotions an environment evokes 
are much more important in predicting care for an environment. 
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Figure 5. Symbolic values for an environment and the stated environmental care for 
the four studied environments.  
We found that symbolic values shape people’s environmental care and that the 
overall symbolic value attributed to each of the environments differs (Figure 
5). While deep-sea mining was perceived riskier than mining in the other 
remote environments, people care less about the negative impacts on the deep-
sea environment. Overall, the majority of respondents stated that they care a 
lot or very much about the deep sea. 
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4. DISCUSSION
The expanding industrial use of the ocean space and resources occurs in 
parallel with increasing expectations of its benefits to human societies 
(Halpern et al. 2012; Lee et al. 2020). This increasing industrialisation calls 
for more comprehensive assessments on the risks associated with new 
activities to understand any negative environmental effects compromising 
these contributions (Fleming et al. 2019; Hodgson, et al. 2019). In this thesis, 
I studied what can be done to improve sustainability in the marine realm by 
taking a predictive approach to risks of emerging maritime industries (Fig. 6). 
I use the case of seabed mining to explore the knowledge needs to outline the 
risks, how to quantify them based on existing knowledge, and the factors 
affecting how they are perceived.  
4.1  ANSWERING RESEARCH QUESTIONS 
IMPROVING METHODOLOGY FOR COMPREHENSIVE RISK 
ASSESSMENTS 
The lack of experimental evidence from seabed mining and scarcity of baseline 
data limit the implementation of traditional impact assessments for potential 
future SBM activities (Washburn et al. 2019). In this thesis, I explored how to 
evaluate the impacts of SBM while accounting for this lack of evidence and 
data. Drawing on the results of a literature review and expert interviews, I 
developed an approach to obtain a more comprehensive view of the impacts 
and demonstrate how to use it in an operational setting for more specific cases, 
presenting the first systematic evaluation of the ecological risks associated 
with seabed mining activities (I, III).  
Although environmental impact assessments are based on the idea of cause 
and effect, the use of explicit causal modelling has been little used in formal 
EIA and ERA practices (Perdicoúlis and Glasson 2006; Perdicoúlis and 
Glasson 2012; Kaikkonen et al. 2021). This thesis demonstrates how 
qualitative information may be used to move towards a quantitative 
31 
assessment by using a causal probabilistic approach to estimate the impacts 
and to improve transparency of the assessment.  
While the potential impacts of seabed mining have been addressed in an 
increasing number of studies, this thesis offers a much-needed approach to 
synthesise empirical findings and to highlight the many uncertainties around 
the impacts of mining to support operational risk assessments (Pollino et al. 
2007; Durden et al. 2018; Hyman et al. 2021). These results show that the 
knowledge related to the impacts of seabed mining is still low, calling for 
further research on the risks of mining to specific ecosystem components. The 
findings particularly highlighted the challenges in conceptualising the 
spatiotemporal complexity and multidimensional interactions related to 
anthropogenic impacts (I, III, Hodgson et al. 2019). The modularity of the 
applied modelling methods enables including spatial and temporal dynamics 
which are needed to account for the overall impacts of the activities and can 
be updated to account for new information on the ecological consequences of 
specific pressures to organisms (e.g. Cummings et al. 2020).   
ADVANCING KNOWLEDGE OF THE ENVIRONMENT UNDER PRESSURE 
Understanding the characteristics of the environment that will be affected by 
external pressures sets the basis for assessing the impacts of any activity. Paper 
II demonstrated how to advance knowledge on an environment and resource 
targeted by human activities using a data-driven approach. Drawing on an 
extensive dataset from a national underwater inventory programme, both the 
empirical observations and the resulting predictions from spatial modelling 
revealed that FeMn concretions are more widespread than previously 
estimated (Glasby et al. 1997). Despite local variation in FeMn concretion 
formation processes (Zhamoida et al. 2007; Baturin 2010), the created models 
were successful in predicting the occurrences of concretions across the study 
area, and illustrate that environmental conditions provide a useful proxy for 
estimating the distribution of biogeochemical seabed formations. Spatial 
modelling approaches contribute towards more knowledge of underwater 
seascapes for both conservation planning and sustainable use of marine 
resources (Virtanen 2020).  
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For further risk assessments, these results outline under what kind of 
conditions and where extraction would likely take place and allow for further 
studies on their characteristics. To advance understanding of the overall 
footprint of the mining activity and recovery potential of the biological 
communities within concretion fields, it is crucial to affirm the ecological role 
of concretions in addition to their distribution (II, III, Lotze et al. 2011; Gollner 
et al. 2017). Benthic marine landscapes found in topographically complex 
seabed areas have been observed to have higher species diversity than 
homogenous regions (Kovalenko et al. 2012; Kaskela et al. 2017) and especially 
large concretions could provide a habitat for both mobile and sessile benthic 
fauna (Leinikki 2020). The substantial area potentially covered by FeMn 
concretions emphasises the importance to examine their ecological role to 
estimate the consequences of their removal to marine ecosystems. This 
information would further allow to estimate the overall trade-offs of mineral 
extraction, if the economic resource potential of FeMn were to be compared 
with the value of the ecosystem functions provided by these underwater 
environments. 
Figure 6. Contributions of the thesis to improving views of environmental risks of 
emerging maritime activities to support sustainability in the marine realm.  
BROADENING VIEWS ON THE RISKS OF MINING 
Given the rapid industrialisation across the world’s oceans, evaluating public 
perceptions of human activities in offshore areas is essential for sustainable 
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ocean governance. The deep sea offers a fascinating theoretical framework to 
study how we relate to remote and unfamiliar natural environments to explore 
sustainability in the marine realm within coupled social-ecological systems 
(Leach et al. 2018; Levin et al. 2020). In paper IV, we present a novel 
framework for unravelling factors contributing to environmental care and aim 
to answer the question ‘even if we estimate the risks, will people care about 
them?’  
Much of the previous research pertaining to environmental care has relied on 
metrics based on people’s sense of place (Jones et al. 2016; Torres et al. 2016). 
These approaches have been problematic for studying public perceptions of 
unfamiliar places, as they cannot rely on instrumental and rational approaches 
to values. While many previous analyses would group environmental care 
under intrinsic values (Kagan 1998; Chan et al. 2016; Batavia and Nelson 
2017), we show that measuring only the intrinsic value of an environment is 
not sufficient in explaining the level of environmental care to the extent that 
the combination of symbolic values has allowed. Paper IV thus contributes to 
the scholarship on environmental care and can offer theoretical considerations 
for evaluating public perceptions of other offshore activities. 
These findings refute the misconception that because the ocean, and 
particularly the deep sea are perceived as dark and scary, as widely portrayed 
in popular culture (Hackett and Harrington 2018), people would not care 
about the deep sea (Jamieson et al. 2020). Although in this thesis I was 
particularly interested in the deep sea due to its extreme remoteness and the 
global nature of its governance, these results may also be applied to other 
offshore environments.  The perceived remoteness of an environment is not 
directly ascribed to its physical remoteness, and many coastal habitats may 
also be perceived as unfamiliar (Barr and Kliskey 2014). This aspect of care is 
particularly interesting for many marine environments that may not be 
considered very charismatic (Ankamah-Yeboah et al. 2020), including the 
FeMn concretion fields studied in this thesis (II). In this respect, the results of 
paper IV are exciting when considering the ongoing research on conservation 
behaviours and environmental stewardship (e.g. West et al. 2018; Bennett et 
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al. 2018).  Unravelling the factors that contribute to the care for the studied 
remote environments, whether cultural or spiritual, requires a more in-depth 
approach.  
4.2  IMPLICATIONS FOR GOVERNANCE OF SEABED 
RESOURCES 
Evaluating the role of scientific knowledge in SBM governance presents a 
unique context in which science does not (yet) need to play catch up with the 
industry. As commercial-scale mining has not started yet, this provides an 
opportunity to evaluate what the risks are before large-scale activities begin, 
whether they should be permitted, and what additional knowledge is needed 
for sustainable decision-making processes. An illustrative example of an 
opposite situation is the fishery of the deep-sea fish orange roughy in New 
Zealand waters, which was heavily fished in the 1980s (Clark 2001). As a result 
of limited scientific information on the species and subsequent lack of 
appropriate regulation, the fishing industry nearly depleted the stocks of the 
deep-dwelling species before actions were taken to limit fisheries.  
In the context of SBM, estimating the potential impacts of specific pressures 
and their likelihoods would enable adequate management measures to be 
taken before large-scale activities begin (Cuvelier et al. 2018). While previous 
studies have shown SBM to cause extensive damage to seafloor habitats, 
(Hiddink et al. 2019; Simon-Lledó et al. 2019; Vonnahme et al. 2020), 
estimating the impacts and accounting for the knowledge gaps with a 
probabilistic approach can either support a moratorium in line with a 
precautionary approach, or provide information for more comprehensive risk 
management plans for potential future mining activities (Barbier et al. 2014).  
To do this, the results from model simulations in alternative mining scenarios 
should be compared to the policy targets regarding changes in ecosystem 
status. The results of this work thus contribute to evaluating trade-offs from 
mining and support permitting and regulation processes by providing more 
comprehensive estimates of the environmental impacts of seabed resource 
use. As EIAs have been scrutinised for their lack of transparency, causal 
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networks will help communicate the rationale behind the estimates (Carriger 
et al. 2018). This more holistic view of the ecological risks is in line with the 
conceptual EBM approach to risk assessment (Holsman et al. 2017) and could 
be applied both in industry-wide studies on environmental and economic 
sustainability of a novel maritime sector as well as individual projects applying 
for environmental licenses. 
Considering the challenges in estimating ecosystem responses to external 
disturbances, perfectly predicting environmental impacts from SBM is an 
unrealistic objective for scientific research, particularly regarding the 
knowledge needs to support governance of marine resources (Schindler and 
Hilborn 2015). Therefore, information on the fact that we are unable to 
estimate the impacts is equally valuable (Sahlin et al. 2021) and supports the 
application of the precautionary approach. Evaluating which impacts are 
hardest to estimate and to what extent it is possible to reduce uncertainty are 
crucial for guiding future research and extraction guidelines. In a case where 
uncertainties are considered too high, permits could be made to be conditional 
on improved knowledge by allowing only one test mining operation to proceed 
until impacts have been documented in more detail (Smith et al. 2020), urging 
the industry to carry out further studies. A systems approach, such as the one 
described in this thesis, can support such adaptive management of mining 
operations (Jaeckel 2016; Durden et al. 2017). 
In addition to the environmental considerations outlined in this thesis, there 
are many societal risks stemming from offshore industries which are still 
insufficiently recognised (Bennett et al. 2021). When considering the broader 
implications of these results and any subsequent decisions on whether seabed 
minerals are a potential source of raw materials, public perceptions and views 
of the acceptability of the risks are a key consideration in guiding development 
of SBM activities. It is increasingly clear that only focusing on the technical 
details of an activity risks disregarding people’s values in decision-making, 
potentially resulting in conflicts and poor outcomes for both the environment 
and the society (Wolsink 2010; Sultana 2015). It is thus essential to 
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acknowledge how the scientifically assessed results regarding the risks will be 
perceived by both the decision-makers and the public.  
With concerns on the impacts of terrestrial mining, the comparison between 
ocean mining and land-based mining is a recurrent consideration in the 
literature and underpins much of the discussion on whether seabed mining 
ought to proceed (Beaulieu et al. 2017; Childs 2019; Levin et al. 2020). As 
outlined in the results of this thesis, any such considerations will ultimately 
depend on how we view these different environments and what kind of risks 
to the marine environment people are willing to accept and how their values 
for different unfamiliar environments affect that (IV). The direct comparison 
of SBM to land-based mining is therefore untenable, as people present 
different views about environments that are perceived as remote and will not 
evaluate the risks similarly in these different contexts.  
4.3  TOWARDS MORE SUSTAINABLE USE OF OCEAN 
SPACE AND RESOURCES 
Given the difficult access to the deep sea, current governance of the deep sea 
space is viewed through mostly technocratic narratives (Alaimo 2019; Reid 
2020). Similarly, the use of scientific knowledge in the overall ocean 
governance has focussed on mapping of its resources and understanding 
ecosystem functioning, framing the challenges related to management of 
marine resources as only technical (Campbell et al. 2016). In turn, human 
values and emotions are often dismissed as irrelevant in contrast to the 
environmental and economic risks in environmental decision-making 
(González-Hidalgo and Zografos 2020).  
One reason for the predominantly technical views of the marine environment 
is that the oceans have long been considered out of sight, out of mind 
(Hannigan 2016), untouched and remote to humans. This framing of the 
oceans as an uncontested space for exploitation has led to the construction of 
the oceans primarily as a resource to be exploited through its mineral 
resources, food sources, potential biomaterials for pharmaceuticals, and as an 
endless supplier of other materials (Reid 2020). These harmful 
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representations of marine space have long supported the view that the ocean 
is too large to be harmed by human activities (Carson 1951; Lubchenco and 
Gaines 2019).  
As the views about ocean space have direct implications for policies and 
governance (Neimanis et al. 2015), understanding these imaginaries and 
acknowledging the representations about the ocean is critical to shape 
decision-making that ensures looking after marine environments (Gee 2019). 
To date, broader consideration of human values has had only few applications 
in ocean governance (e.g. Bidwell 2017) as opposed to economic values. 
However, these are likely to become more important as the industrial interest 
in the oceans will require increased focus on the acceptability of operations to 
inform decision-making on what kind of activities people will support or 
oppose (Voyer and van Leeuwen 2019). The combined findings of this thesis 
can serve in more broad-scale analysis of perceived positive and negative 
impacts of SBM to further make more value-based decisions on if these 
impacts are at acceptable levels, and to consider whether  SBM contributes to 
a global net benefit as an option for critical raw materials (Haugan et al. 2020). 
Ensuring sustainability in the marine realm requires improved stewardship 
through careful and responsible management of the environment (Bennett et 
al. 2018; Mathevet et al. 2018). We are putting more pressures on the ocean 
with increasing expectations of its goods and services for human well-being, 
both economically and increasingly through other contributions. It is now 
deemed unlikely that the business-as-usual development of maritime sectors 
can deliver the expectations of the Blue Economy while ensuring protection of 
the marine environment (Novaglio et al. 2020). More holistic approaches to 
risks are required as a part of an integrative approach to ocean use to aid 
sustainable management of marine resources. This entails a broader 
consideration of economic, societal, and governance dimensions of offshore 
activities (Bennett et al. 2019), with environmental risks only one part of the 
puzzle. 
Improved stewardship of the marine environment is dependent on the 
recognition that while the ocean is vast and remains to a large extent out of 
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sight, the ongoing degradation of the marine environment can no longer be 
ignored (Lubchenco and Gaines 2019). If people do not care about risks to the 
environment, the impacts can get out of control. As the conversation around 
the Blue Economy and use of ocean resources evolves, many offshore 
environments will become more and more central to this, and it is crucial that 
societal perceptions, values, and attitudes towards them and the risks posed 
by human activities are part of the discourse. 
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5 CONCLUSIONS 
Due to increasing demand for raw materials, commercial seabed mining 
activities are now considered imminent across the world’s oceans. In this 
thesis, I explored how predictive risk assessments can inform marine resource 
governance and support environmental management plans for emerging 
maritime activities. I use seabed mining as a case study to outline knowledge 
requirements for assessing the environmental risks and the factors affecting 
public perceptions of them. The results present an alternative to currently used 
risk assessment methods, offering tools for more anticipatory and transparent 
decision making by drawing on existing knowledge. By highlighting the many 
uncertainties associated with environmental impacts of mining activities, 
these findings have direct uses and implications for guiding both scientific 
research regarding the risks of mining and policy recommendations. The 
combined findings of this work suggest that it is fundamental to both increase 
knowledge of the environment that will be affected to better assess the risks, 
and to account for the underlying values and emotions towards the marine 
environment to fathom how those risks will be perceived by both decision 
makers and the public.  To avoid unbridled expansion of human activities in 
the oceans, these results highlight the need to engender stronger connection 
and greater awareness of marine environments to enhance feeling of care and 
to nurture ocean stewardship for equitable and sustainable Blue Economy.  
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